1. Parasites residing within the central nervous system of their hosts have the potential to reduce various components of host performance, but such effects are rarely evaluated. 2. We assessed the olfactory acuity of fathead minnows (Pimephales promelas) infected experimentally with the monogenean Dactylogyrus olfactorius, the adults of which live within the host's olfactory chambers. 3. Olfactory acuity was compared between infected and uninfected hosts by assessing electroolfactography (EOG) neural responses to chemical stimuli that indicate the presence of food (L-alanine) or the presence of conspecifics (taurocholic acid). We also compared differences in gross morphology of the olfactory epithelium in infected and uninfected minnows. 4. Differences in EOG responses between infected and uninfected minnows to both cue types were non-significant at 30 days post-exposure. By days 60 and 90, coincident with a two times increase in parasite intensity in the olfactory chambers, the EOG responses of infected minnows were 70-90% lower than controls. When infected fish were treated with a parasiticide (Prazipro), olfactory acuity returned to control levels by day 7 post-treatment. 5. The observed reduction in olfactory acuity is best explained by the reduced density of cilia covering the olfactory chambers of infected fish, or by the concomitant increase in the density of mucous cells that cover the olfactory chambers. These morphological changes are likely due to the direct effects of attachment and feeding by individual worms or by indirect effects associated with host responses. Our results show that infection of a commonly occurring monogenean in fathead minnows reduces olfactory acuity. Parasite-induced interference with olfactory performance may reduce a fish's ability to detect, or respond to, chemical cues originating from food, predators, competitors or mates.
Introduction
The extent to which parasites negatively affect individual hosts is often linked to the manner in which they exploit host resources (Goater, Goater & Esch 2014) . For adult parasites that reside within the gastro-intestinal tracts of their hosts, these effects are most easily detectable on performance traits associated with host feeding efficiency and general metabolism. For parasites that reside within the host's vascular or branchial systems, effects tend to be seen on traits linked to oxygen metabolism and stamina performance. For parasites that reside within the host's central nervous system, there is the potential to cause significant tissue pathology with associated neurological and behavioural consequences for their individual hosts (Holmes & Zohar 1990) . Well-known examples of the latter include the larval stages of cyclophyllidean cestodes that encyst within brain tissue of their intermediate hosts (including humans), causing severe tissue destruction and immuno-pathology (Goater, Goater & Esch 2014) . Others include behaviour-modifying parasites that have obligate feeding or resting stages within host brain tissue, e.g. the apicomplexan Toxoplasma gondii in mammals, the rabies virus in carnivores, the larval trematode, Dicrocoelium dendriticum in ants, and the nematode Parelaphostrongylus tenuis in cervids (reviews by Holmes & Zohar 1990; Goater, Goater & Esch 2014) .
Although less studied, parasites residing within the host's peripheral nervous system may similarly hinder host performance. Feeding activities of ear mites may cause complete deafness in one of the ears of their noctuid moth hosts (Treat 1957) . The feeding stages of Myxobolus cerebralis cause necrosis of the cranial cartilages of salmonids, leading to nerve and sensory organ dysfunction (Roberts 1989) . Metacercariae of the digenean Diplostomum spathaceum cause cataracts within the eye lens of rainbow trout, leading to alteration in visual acuity and altered rates of predation by avian final hosts (Sepp€ al€ a, Karvonen & Valtonen 2011) . Visual acuity of Greenland sharks is reduced by a single female parasitic copepod that penetrates the eyeball (Borucinska, Benz & Whiteley 1998) . The results of these studies indicate that parasite site-selection within a host's peripheral nervous system has the potential to reduce various components of host performance.
The olfactory chamber of fishes is commonly reported as a site of infection for a variety of tissue grazing parasites, including copepods and monogeneans (Klassen & Beverley-Burton 1985; Whittington & Kearn 1992; Ho & Lin 2003; McElwain et al. 2010) . However, there are relatively few studies that have examined the potential pathology and impact of such parasites on the action of peripheral olfactory nerves embedded within this organ. Both of these types of ectoparasites have a record of disease potential with tissue damage associated with parasite activity (Goater, Goater & Esch 2014) . Given the confined space of the olfactory chamber, one can surmise that grazing on the sensory epithelium could have potentially significant effects on an individual host's sense of smell. The monogenean, Gyrodactylus salmonis, causes physical disruption of the olfactory epithelium lining the olfactory chambers of rainbow trout (Lari et al. 2016a) . These authors attributed the observed pathology to the attachment/reattachment of grazing adult worms. In a followup study, Lari et al. (2016b) hypothesized that a monogenean, Dactylogyrus olfactorius Lari et al., 2016, may cause similar alterations in the olfactory chamber of fathead minnow, Pimephales promelas. In a review, Tierney et al. (2010) emphasized the key role that fish olfaction plays in finding food, mating and detecting predators. The extent to which parasites influence the ability of fish to detect, process or respond to odorant stimulation is unknown.
Olfactory acuity in fish can be evaluated as an odourevoked extracelluar field potential using electro-olfactography (EOG; e.g. Friedrich & Korsching 1998; Dew, Azizishirazi & Pyle 2014) . When odour molecules enter the olfactory chamber, they bind to odorant receptors (OR) found on the apical surface of olfactory sensory neuron (OSN) cilia that blanket the olfactory epithelium (Shepherd, 1994) . Fish have three known subsets of OSNs: (i) ciliated cells that are mainly tuned to detect social cues such as bile acids or conspecific alarm cues, (ii) microvillous cells that are sensitive to food cues such as amino acids, and (iii) crypt cells that are thought to perceive sex cues such as pheromones (Hamdani & Døv-ing 2007) . Taurocholic acid (TCA) is a bile acid known to serve as a social cue in fish and is perceived by ciliated OSNs (Døving et al. 2011) . L-alanine is an amino acid that is perceived as food by fish through the stimulation of microvillous OSNs (Kolmakov et al. 2009) . By pairing EOG recordings with chemosensory stimuli that target subsets of OSNs, it can be determined whether olfactory dysfunction is general or specific to subsets of OSNs.
In the present study, we evaluated the effects of D. olfactorius, a parasite of the olfactory chamber of fathead minnow (P. promelas), on host olfactory acuity. To evaluate the time course of potential negative effects, we assessed EOG responses in subsamples of fish at three time intervals following single exposure to infective stages of the parasite. By evaluating EOG responses in fish administered with TCA and L-alanine, we also assessed whether parasite-induced dysfunction to the olfactory system could influence responses to social or food-related cues. In a further subsample of minnows, we compared differences in the gross morphological structure and tissue composition of the olfactory lamellae of infected vs. uninfected hosts. Lastly, we evaluated the nature of host recovery from infection by assessing olfactory acuity in a subsample of infected minnows that had been treated with a parasiticide.
Materials and methods

host collection and maintenance
Adult fathead minnows (mean total length AE SD: 5Á8 AE 0Á8 cm) were collected from a small artificial pond located on the University of Lethbridge campus. The University Pond receives water each spring from an irrigation canal linked to the St. Mary River irrigation system. Results from a prior survey of a sample of 30 fall-collected minnows from this pond showed that the prevalence of D. olfactorius was 40% and mean intensity in the infected fish was 0Á8 AE 1Á3 (Lari et al. 2016b) . Fish used in the current study were collected in April 2015 and maintained in groups of 20 within aerated tanks within the Aquatic Research Facility at the University of Lethbridge. Fish were maintained at 21 AE 1°C on a 16 : 8 h light : dark photoperiod and fed Nutrafin Max Tropical fish flakes (Hagen, Mansfield, MA, USA) once per day at 2% of their body weight. Procedures associated with the collection, maintenance and euthanasia of fish were approved under the guidelines of the Canadian Council on Animal Care (University of Lethbridge animal care permit #1437). A total of 33 infected fish were transferred from another study (University of Lethbridge animal care permit #1422) to this study and were used as the source of infective larval D. olfactorius. Source fish were maintained under the same conditions as the test fish.
exposure to dactylogyrus olfactorius
Seven days prior to the start of the experiment in summer 2015, 207 adult minnows from the University Pond were treated with the anti-parasite drug, Prazipro (approximately 5% praziquantel; Hikari, Hayward, CA, USA) to remove ectoparasites. For treatment with Prazipro, the minnows sampled in summer 2015 were exposed to 0Á1 mL L À1 solution for 3 consecutive days, and then the drug was flushed out of the tanks. This treatment was carried out twice to ensure the fish were uninfected with D. olfactorius prior to the start of the experiment. The efficacy of our treatment procedure was confirmed in a subsample of 20 treated fish that were evaluated for the presence of attached monogeneans on the gills, body surface and olfactory chambers. None of these fish was infected with monogeneans. The procedure used to infect batches of minnows to D. olfactorius began by isolating 18 groups of 10, randomly selected, deparasitized fish in 10-L tanks. Three donor fish that were known to be infected with D. olfactorius but not exposed to Prazipro were introduced into 11 of the 18 tanks. The three donor fish in each tank were identified by removing a small piece of their right pectoral fin. The donor fish were left in the experimental tanks throughout the study, but were not used in any experiments. Seven control tanks received three deparasitized fish to maintain the same fish density as the exposure tanks.
experimental design
The experiment crossed 'infection' with 'time period' in a randomized factorial design. The purpose of the 'time period' treatment was to evaluate temporal changes in parasite intensity under conditions of constant exposure and to assess temporal changes in olfactory acuity in infected and uninfected fish. At each time period (30, 60 and 90 days post-exposure), a total of 20 infected fish were selected at random from the 11 exposure tanks and a further 20 uninfected fish were selected from the seven control tanks. Within each subgroup of infected fish and control fish, five were selected for analysis of olfactory acuity, 10 for histological preparation and five for image analyses on a scanning electron microscope (SEM). For the determination of temporal changes in D. olfactorius intensity, we counted all attached worms within both olfactory chambers of a total of 30 fish per time period. Twenty of these were from minnows that had been assigned to the EOG, histology and SEM assessments; a further 10 fish were selected at random from the exposure tanks.
parasite population characteristics
We use the term 'intensity' (Bush et al. 1997 ) to refer to the numbers of D. olfactorius counted within an olfactory chamber. Following anaesthesia or euthanasia with physiologic pH 7Á4-buffered MS-222, the septum between the two nostrils of control and exposed fish was removed and the number of D. olfactorius within each olfactory chamber was determined under a dissecting microscope (Lari et al. 2016a) . Minnows in the control group were never infected with D. olfactorius.
olfactory acuity
The methods used to evaluate olfactory acuity of individual fish followed Baldwin & Scholz (2005) . These methods were applied to fathead minnows by . First, individual fish were anaesthetized by immersion in 150 mg L À1 of physiologic pH 7Á4-buffered MS-222. The recording microelectrode was placed on the third lamella on the olfactory rosette and a reference microelectrode was placed on the head between the eye and nostril of the fish. During each EOG trial, two olfactory stimuli, 10 À4 mol L À1 L-alanine and taurocholic acid (TCA), and dechlorinated water (blank) were administered in 3-s pulses to the olfactory chamber of fish a minimum of three times. To avoid systematic bias in recorded responses, as a function of delivery order, the stimulus delivery was randomized for each fish. At least a 2-min interval between each stimulus delivery was kept to ensure the recovery of the OSNs from the previous stimulus delivery and to prevent olfactory habituation. The amplitude of each signal, measured as the difference between the baseline and the maximum voltage after a stimulus delivery, was considered as the EOG response (Dew, Azizishirazi & Pyle 2014) . All measured EOG responses to each stimulus were blank corrected by subtracting the amplitude of any response elicited to the amplitude of blank stimulus.
We also evaluated potential rates of recovery of parasiteinduced tissue alteration to the olfactory epithelium. To do so, subsamples of 20 infected fish were treated with Prazipro at 90 days post-exposure, using the same procedure described above. To control for the possible effect of Prazipro on the response variables, a subsample of 20 uninfected controls was treated similarly to infected fish. To assess rates of recovery, treated and untreated fish were sampled at 7 and 14 days post-exposure to parasiticide and then evaluated for olfactory acuity and changes in the structure of the olfactory epithelium through histology and SEM.
structure of the olfactory epithelium
At each sampling period, tissue from five fish from the infected group and five fish from the control group were subsampled to evaluate, via SEM imagery, whether infection with D. olfactorius was associated with gross structural changes to the olfactory epithelium. Methods used to isolate and process the olfactory epithelium follow Lari et al. (2015) . Fish were euthanized in 200 mg L À1 of physiologic pH 7Á4-buffered MS-222. To prevent the parasites from detaching from the surface of the olfactory epithelium, the olfactory chambers of the fish were treated with 2 drops of Karnovsky's fixative (2% paraformaldehyde; 2Á5% glutaraldehyde in 0Á1 M phosphate buffer pH 7Á4) prior to dissection. To sample the olfactory chamber, the septum separating the anterior and posterior nares was severed and the olfactory rosette was removed.
Removed tissue was stored in Karnovsky's fixative for 24 h, then immersed in 0Á1 M phosphate buffer for two 15-min rinses. Samples were then dehydrated in ascending concentrations of ethanol at 30, 50, 70, 90 and 100% v/v for 2 h per treatment. Samples were dried by passing from 100% ethanol to 1 : 1 ethanol : hexamethyldisilazane (HMDS) (TED PELLA, Inc., Redding, CA, USA) and 100% HMDS for 30 min each and removed from HMDS and set aside in a fume hood for 10 min. Finally, samples were mounted on aluminium stubs, sputtercoated with platinum, and examined under a tabletop SEM (TM-1000; Hitachi, Tokyo, Japan).
To assess tissue-level changes in host response to D. olfactorius, we evaluated temporal changes in the density of mucous and rodlet cells within the olfactory rosette. At each sampling period, the olfactory chambers of 10 fish from both infected and control subgroups were dissected and preserved in 10% neutral-buffered formalin (Sigma-Aldrich, St. Louis, MO, USA) for histological preparation. Using an automatic tissue processor (Leica TP1020, Wetzlar, Germany), the fixed tissues were dehydrated in a series of ethanol grades from 70% to 100% (Sigma-Aldrich), cleared in 100% xylene (Fisher Scientific, Waltham, MA, USA) and perfused with paraffin wax (Sigma-Aldrich). Tissues were then manually embedded in paraffin wax and sectioned using a rotary microtome (Leica RM2235, Wetzlar, Germany) at 7-lm thickness. Ten to 12 sections were placed on a pre-cleaned microscopic slide and stained with combined periodic acid-Schiff (PAS)-Alcian Blue stain (Newcomer Supply, Middleton, WI, USA), and used to evaluate the density of mucous and rodlet cells within the olfactory epithelium. Three randomly chosen sections from each fish were examined and the number of mucous and rodlet cells in an area (with the length 500 lm) between the surface of the olfactory epithelium and basement membrane were counted.
analyses All data were tested for normality using Shapiro-Wilk tests. Temporal changes in parasite intensity were analysed by one-way ANOVA followed by Tukey's post hoc comparisons to evaluate differences between pairs of means. The effect of D. olfactorius and time period on olfactory acuity (EOG) and the histopathological effects (number of mucous and rodlet cells) were analysed using a two-way ANOVA. Tukey's post hoc comparisons were used to test the differences among groups. All statistical analyses were done using IBM SPSS 22 software (IBM, New York, NY, USA).
Results
parasite population characteristics
Each of the 90 fish dissected for parasite counts over the course of the experiment had D. olfactorius in the nasal cavity, but none of the controls were infected. The intensity of D. olfactorius on the olfactory epithelium increased significantly between samples of fish necropsied at 30, 60 and 90 days [F(2, 87) = 9Á14, P < 0Á001]. By 90 days, the intensity of D. olfactorius on the olfactory epithelium had approximately doubled (Fig. 1 ). There was a significant increase in intensity between 30 and 60 days, but not thereafter. The intensity of D. olfactorius in the left and right olfactory chambers was significantly positively correlated (r = 0Á83, n = 90, P < 0Á001). Mean worm intensity in the two chambers did not differ significantly (t = 0Á59, P = 0Á56).
olfactory acuity
Olfactory impairment as measured by EOG occurred at 60 and 90 days post-exposure, but not at 30 days for both L-alanine [ Fig. 2a ; infection: F(1, 24) = 105Á14, P < 0Á001; time: F(2, 24) = 10Á59, P = 0Á001] and TCA [ Fig. 2b ; Infection: F(1, 24) = 53Á66, P < 0Á001; time: F(2, 24) = 5Á50, P = 0Á011]. The Infection 9 Time interactions had a significant effect on olfactory acuity for both L-alanine and TCA, respectively [F(2, 24) = 10Á59, P = 0Á001, and F(2, 24) = 5Á50, P = 0Á011]. In both cases, differences in mean acuity between infected and uninfected fish increased with weeks post-exposure (Fig. 2) . At 60 days post-exposure, infected fish showed a 52% and 51% reduction in response to L-alanine and TCA, respectively, compared to controls. By 90 days post-exposure, the reduction in response to L-alanine and TCA had increased to 89% and 74%, respectively. Following the administration of Prazipro to fish at 90 days, infected fish at 7 and 14 days post-treatment had a similar response to L-alanine [F(3, 16) = 0Á71, P = 0Á41] and TCA [F(3, 16) = 1Á01, P = 0Á33] as controls ( Fig. 3a and b) .
structure of the olfactory epithelium
The surface structure of the olfactory epithelium of infected and uninfected minnows showed stark differences. SEM imagery showed that mats of cilia enveloped much of the lamellar surface in uninfected fish (Fig. 4a) . In contrast, the surface of the olfactory epithelium of infected fish tended to have fewer ciliary mats compared to controls, and this loss tended to increase with time and worm intensity (Fig. 4b) . Small cavities were observed on the surface of the olfactory epithelium of the infected fish. The dimensions of these cavities appeared similar to the dimensions of the opisthaptoral hooks of D. olfactorius. Alternatively, they could be mucous cell pores.
The number of mucous cells in the histological sections of the olfactory epithelium of infected fish was significantly higher than for control fish [F(1, 54) = 308Á74, P < 0Á001]. There was no significant difference in the numbers of mucous cells observed over time [F(2, 54) = (a) (b) Fig. 4 . Scanning electron microscopy images of olfactory lamella of uninfected fathead minnows (a) and minnows exposed to larvae of Dactylogyrus olfactorius (b). Minnows (n = 5) were processed for SEM imagery at 90 days following exposure to infective larvae. Circles and arrows indicate examples of ciliary mats and small cavities, respectively. P = 0Á19; time: F(2, 54) = 0Á74, P = 0Á63; infection 9 time: F(2, 54) = 0Á51, P = 0Á61].
Discussion
The observed rise in D. olfactorius intensity that occurred over the 90-day experiment corresponded to a marked increase in olfactory impairment of individual fish. Compared to uninfected controls, olfactory acuity of D. olfactorius-infected minnows was highly significantly reduced, and remained so for the duration of the study. The strong impairments in olfactory acuity that we observed following the administration of TCA and L-alanine into the olfactory chambers of infected fish were remarkably similar over the 90-day experiment. Consistency in the magnitude of parasite-induced impairment between the two cue types, in the time course of the impairment and in the pattern of recovery following treatment with Parazipro, suggests that D. olfactorius caused general damage to the chemosensory apparatus that covers the olfactory epithelium. These results are comparable to the results of tests of olfactory acuity in fish exposed to water contaminated by cadmium. For example, cadmium is a general olfactory neurotoxicant that impairs the olfactory perception of fish to all chemosensory stimuli (Dew et al. 2016) . In contrast, copper and nickel target different subsets of OSNs (Dew, Azizishirazi & Pyle 2014) . Although copper targets ciliated OSNs causing an impairment of the perception of social cues (e.g. TCA), such as conspecific alarm cues in fish, nickel targets microvillous cells resulting in an impaired ability to perceive food sources, as represented by L-alanine. Our results show that D. olfactorius causes general olfactory impairment by suppressing both OSN subpopulations, similar to the environmental contamination caused by exposure to a general olfactory neurotoxicant such as cadmium.
One mechanism that can explain the general impairment of olfactory acuity associated with infections of D. olfactorius is localized damage to the epithelium that lines the olfactory lamellae. been documented for gill-dwelling monogenean parasites of fish, where reported pathologies include epithelial hyperplasia, increased mucus production, lamellar clubbing, localized cell puncturing, focal necrosis and secondary infection by facultative microbial parasites (Thune & Rogers 1981; Roberts 1989) . In these better-studied monogenean/fish interactions, damage to gill lamellae was associated with the feeding of individual worms or the relocation of worms leading to attachment damage by penetrating hooks. Because OR proteins on the olfactory epithelium of fish are mainly situated on the cilia and microvilli of OSNs (Hansen, Anderson & Finger 2004) , the observed loss of cilia may lead to a reduction in the population of ORs and a reduction in their sensitivity to odorant cues.
Alternatively, or in combination, the observed increase in mucous cell production in the epidermis lining the olfactory lamellae may also lead to olfactory impairment in infected fish. Increased density and/or size of mucous cells in the fish epidermis following exposure to ectoparasites and pathogens have frequently been reported (reviewed by Buchmann 1999) . On the one hand, hypersecretion of mucus associated with infection can play a key role in fish immunity. Contact with the immunoglobulins, complement, and lectins contained within the mucous of Atlantic salmon is lethal for adults of the monogenean Gyrodactylus salaris (see Harris, Soleng & Bakke 1998) . On the other hand, hypersecretion of mucus can lead to localized epithelial cell hyperplasia that is immunopathologic (Ventura & Paperna 1985) . While the observed increase in density of mucous cells in the olfactory epithelium may provide host protection, particularly in high-intensity scenarios such as those observed in our study, it is also possible that mucus may interfere with the detection of olfactory cues. Tierney et al. (2010) have shown that a thickening of the mucus layer in the olfactory chamber of fish disrupts effective interaction between OSNs and odorants.
Although there was a strong reduction in general olfactory acuity caused by infection, the effect appears to be transient. Our results show that infected minnows can restore olfactory acuity as early as 1 week following the chemical removal of D. olfactorius from the epithelium. Such rapid recovery of olfactory acuity suggests that the pathophysiological damage caused by D. olfactorius does not involve obligate destruction of OSNs. Rather, local sensory epithelium that is damaged by the attachment and/or feeding activity of individual worms is capable of regeneration or repair.
Minnows that are maintained under high-density conditions in the laboratory provided appropriate environmental conditions for the transmission of larval D. olfactorius. On average, parasite infrapopulations doubled between 0 and 30 days following initial exposure and then doubled again during the following 30 days. The life cycle of species of Dactylogyrus, and other monogenean trematodes, typically involves adults laying fertilized eggs that disperse from the host via exit currents and sink in surrounding water (Goater, Goater & Esch 2014) . At summer temperatures, eggs hatch within a few days and a short-lived, free-swimming larva emerges in search of an appropriate host. For D. olfactorius, the larvae presumably enter the olfactory chamber with inflowing currents or crawl from the head into the chamber (Lari et al. 2016b) . The prepatent period for such infections at summer temperatures is approximately 2 weeks (e.g. Prost 1963 ). In the present study, direct development and the short pre-patency period best explains the sharp rise in intensity of D. olfactorius following exposure to an initial dose of larvae from the donor fish.
Our preliminary observations indicate that the mean intensity of D. olfactorius in our laboratory-maintained experimental populations of fathead minnows was higher than typically observed in natural populations. In a sample of 201 adult male fatheads collected from seven sites in Southern Alberta during the 2016 breeding season, prevalence varied between 3% and 90% and mean intensities varied between 1 and 2Á5 parasites/host (S. Parmar, E. Lari, C. P. Goater, G. G. Pyle, unpublished observations). However, aggregation of D. olfactorius was high within this sample of minnows, such that nine fish (5%) harboured 10 or more worms. These early results from our field surveys indicate that D. olfactorius intensities can reach, and exceed, the intensities that cause marked reduction in olfactory acuity in our laboratory fish. Furthermore, high spatial, seasonal and annual variations in rates of larval transmission are common in monogenean/ host interactions (Goater, Goater & Esch 2014) . Evaluation of changes in olfactory acuity in minnows sampled at a variety of sites and following periods of high rates of transmission would be valuable.
A key implication of our results is that infection of the olfactory chambers with a common ectoparasite can potentially reduce the ability of fish to detect, or process, chemosensory stimuli. Although we have shown marked reductions in the ability of infected fathead minnows to detect social and food-related cues, the consequences of olfactory impairment may be more far-reaching. Sensitive and specific detection of chemical cues by olfactory receptors play a key role in the process of decision-making in fish and other aquatic organisms (Wisenden 2000; Lurling & Scheffer 2007) . Evidence from numerous studies involving fish have emphasized the central role of olfaction in food location and predator avoidance and have also demonstrated olfaction-mediated effects on the establishment of dominance hierarchies, microhabitat selection, homing, mate selection and kin recognition (Cheal 1975; Stabell 1984; Scott & Sloman 2004) . For studies involving fathead minnows in particular, the evidence is strong for the key role of olfaction in the assessment of predation risk through the detection of chemical alarm substances released from the skin of injured conspecifics (Chivers & Smith 1998) . Thus, any parasite-induced interference with normal olfactory responses could reduce host fitness and long-term survival.
